tetrahydropyridine) administration. Motor disability, including parkinsonism and dyskinesia, and duration of antiparkinsonian benefit (ON-time) were evaluated. After the administration of R-MDMA (3 and 10 mg/kg), the severity of peak-dose dyskinesia was decreased (by 33 and 46%, respectively; p Ͻ 0.05); although total ON-time was unchanged (ϳ220 min), the duration of ON-time with disabling dyskinesia was decreased by 90 min when compared to L-DOPA alone (69% reduction; p Ͻ 0.05). S-MDMA (1 mg/kg) increased the total ON-time by 88 min compared to L-DOPA alone (34% increase; p Ͻ 0.05), though dyskinesia were exacerbated. These data suggest that racemic MDMA exerts simultaneous effects, reducing dyskinesia and extending ON-time, by 5-HT 2A antagonism and SERT-selective mixed monoamine uptake inhibition, which arise from its R and S enantiomers, respectively.
Introduction
The motor manifestations of Parkinson's disease (PD) are caused by striatal dopamine depletion (Hornykiewicz and Kish, 1987) . Dopamine replacement therapy with L-3,4-dihydroxyphenylalanine (L-DOPA) is the most effective treatment against the motor symptoms of PD. However, with increased duration of therapy, motor complications develop and afflict 95% of patients after 15 years (Hely et al., 2005) .
In an anecdotal report (BBC, 2001 ), 3,4-methylenedioxymethamphetamine (MDMA; "ecstasy"), a widely used drug of abuse, reduced severity of L-DOPA-induced dyskinesia and increased duration of antiparkinsonian benefits (ON-time) in a patient with early-onset PD. Of these two actions, the antidyskinetic activities of MDMA were confirmed in subsequent animal studies. Thus, when added to L-DOPA therapy, MDMA reduced dyskinesia-like behaviors in 6-hydroxydopamine (6-OHDA)-lesioned rats and dyskinesia in the 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned marmoset (Iravani et al., 2003 ).
The precise mechanism by which MDMA alleviates dyskinesia is unknown. MDMA is composed of two enantiomers with distinct pharmacological profiles. R-MDMA (rectus-MDMA) has affinity for the serotonergic type 2A (5-HT 2A ) receptors (Lyon et al., 1986) , at which it acts as a low efficacy partial agonist (Nash et al., 1994) . S-MDMA (sinister-MDMA) binds to the serotonin (5-HT; SERT), dopamine (DAT), and noradrenaline transporters (NET), inhibits monoamine reuptake, and reverses the action of the transporters (Verrico et al., 2007) . Previous pharmacological studies have suggested that 5-HT 2A receptors might be involved in the genesis of dyskinesia and thus might support the involvement of R-MDMA in antidyskinetic actions. For example, the nonselective 5-HT 2A antagonists clozapine and quetiapine reduced dyskinesia-associated behaviors in the 6-OHDA-lesioned rodent and dyskinesia in the MPTP-lesioned primate (Oh et al., 2002; Visanji et al., 2006) . In human studies, low-dose clozapine alleviated dyskinesia (Durif et al., 2004) . The 5-HT 2A receptor inverse agonist pimavanserin (ACP-103) also reduced dyskinesia in MPTP-lesioned macaques (Vanover et al., 2008) and human PD subjects (Roberts, 2006) . On the other hand, an indirect action on 5-HT 1A (serotonergic type 1A) receptors, mediated by MDMA-induced 5-HT release, was suggested to play a role in MDMA antidyskinetic actions ; such a mechanism could be mediated by S-MDMA.
This study was undertaken to determine which, if either, of the two enantiomers of MDMA was responsible for the antidyskinetic properties of the compound. We hypothesized that the antidyskinetic action of racemic MDMA was primarily mediated by its R enantiomer. In the current study, we executed a novel enantiospecific synthesis of R-and S-MDMA; established their pharmacological profile in vitro at 5-HT 2A receptors and monoamine transporters using selective, well-characterized ligands; and administered them, in combination with L-DOPA, to MPTPlesioned common marmosets.
Materials and Methods

R-and S-MDMA synthesis
Methodology developed by Nenajdenko et al. (2001) was adapted to the synthesis of R-and S-MDMA. The key step involved the enantiospecific and high-yielding ring opening of the enantiopure aziridines 2 and 3, conveniently derived from L-and D-alanine, respectively, by the Grignard reagent 1 (Fig. 1) . Subsequent methylation and detosylation provided Rand S-MDMA, which were converted to their hydrochlorides for pharmacological characterization.
In vitro pharmacology
Tissue preparation. Female Sprague Dawley rats (250 -275 g, Charles River) were housed, with access to food and water ad libitum, in a temperature-(19 -21°C), humidity-(55%), and light-controlled (12 h light/dark cycle; lights on 7:00 A.M.) environment. All procedures were performed in accordance with an Institutional Animal Care and Use Committee (IACUC) approved by University Health Network Animal Care Committee and in accordance with the regulations defined by the Canadian Council on Animal Care. All reasonable efforts were made to reduce animal numbers used and minimize their suffering.
Rats were killed by decapitation after CO 2 narcosis. Brains were immediately removed and placed into ice-cold Krebs' buffer containing the following (in mM): 134 NaCl, 5 KCl, 1.3 CaCl 2 , 1 MgSO 4 , 25 NaHCO 3 , 1.25 KH 2 PO 4 , and 10 glucose. Various brain regions (cerebral cortex, striatum, cerebellum, and remaining brain) were dissected on ice and placed separately into ice-cold Tris buffer, pH 7.4, before probe sonication on ice. Brain homogenates were then centrifuged (20,000 ϫ g max ) for 20 min at 4°C, resuspended into ice-cold Tris buffer, pH 7.4, and recentrifuged for 20 min at 4°C (20,000 ϫ g max ). After centrifugation, supernatant was removed, and the pellet was resuspended in ice-cold Tris buffer, pH 7.4, vortexed, and placed in a 37°C water bath for 20 min. After a final centrifugation step (20 min at 4°C; 20,000 ϫ g max ), supernatant was removed and the pellet resuspended in ice-cold Tris buffer, pH 7.4. Protein concentration was determined by the Lowry variant of the Folin's phenol reagent method (Lowry et al., 1951 [2,3-b] pyridine (L-745,870) , maprotiline, paroxetine, and spiperone were purchased from Tocris Bioscience.
Receptor and transporter binding assays. The receptor and transporter binding assays performed in the current study targeted only the receptor/ transporters to which racemic MDMA was shown to display affinity in a previous experiment performed by our group (Gandy et al., 2010) . Even though MDMA did not display high affinity at 5-HT 1A receptors in that experiment, we have nevertheless performed 5-HT 1A receptor binding for both enantiomers, as it has been suggested that MDMA's antidyskinetic effect involved a 5-HT 1A -mediated mechanism . Binding parameters relating to brain region used, ligand and ion concentration, as well as incubation conditions employed for each of the assays are summarized in Table 1 . Incubations were conducted in 380 l 96-well plates. Brain membranes were incubated with R-and S-MDMA (1 nM to 1 M) in the presence of the radioligand.
After incubation, the membranes were rapidly washed in 50 mM Tris buffer, pH 7.4 (20 s wash at 10 ml/s) and filtered under vacuum through Whatman glass fiber (G/F) filters (GE Healthcare Canada) presoaked in 50 mM Tris buffer, pH 7.4, using a cell harvester (Brandel). For NET and DAT assays, G/F filters were presoaked in a 50 mM Tris, pH 7.4, solution containing 0.1% polyethyleneimine (Sigma-Aldrich) and were washed with a 50 mM Tris solution containing 0.1% bovine serum albumin (Sigma-Aldrich). Filters were then immersed in scintillation fluid (Ecoscint), and radioactivity was determined with a scintillation counter (Beckman Coulter) as counts per minute.
Determination of R-and S-MDMA affinity at selected receptor/transporters. Values of displacement by R-and S-MDMA were determined in three independent experiments, each in triplicate, and displacement was expressed as a percentage of specific binding. Dose-response curves were constructed and the half-maximal inhibitory concentration (IC 50 ) was determined via nonlinear regression analysis using the software GraphPad Prism 5.03. The inhibition constant (K i ) was calculated using the Cheng and Prusoff (1973) 
Behavioral assessment of R-and S-MDMA in the MPTP-lesioned nonhuman primate
Induction of parkinsonism and dyskinesia in the common marmoset. Six female common marmosets (Callithrix jacchus; Harlan) weighing 350 -500 g were housed in groups of two or three under conditions of controlled temperature (25 Ϯ 2°C) and a 12 h light/dark cycle (lights on at 8:00 A.M.). Animals were cared for in accordance with an IACUC approved by University Health Network Animal Care Committee protocol and with the regulations defined by the Canadian Council on Animal Care. Animals had unlimited access to food, fresh fruit supplements, and water, and their home cage was enriched with primate toys, perches, and auditory stimuli. Before the start of studies, animals were acclimatized to handling, administration of subcutaneous treatments, as well as transfer to observation cages for assessment of behavior.
Animals were rendered parkinsonian by administration of MPTP hydrochloride (Sigma-Aldrich) according to a standard protocol (Silverdale et al., 2005) (2 mg/kg, s.c., daily, for 5 consecutive days). After MPTP treatment, marmosets entered a 12 week recovery period to allow parkinsonian symptoms to develop and stabilize. The animals included in the study exhibited a severe and homogeneous degree of parkinsonism [median score of 90 Ϯ 1.5 (interquartile interval) when assessed in the OFF state for a 30 min period, during which the maximal possible parkinsonian score was 108].
Treatment-related complications including dyskinesia and psychosislike behaviors were induced by twice-daily treatment with oral Prolopa (L-DOPA/benserazide, 15/3.75 mg/kg; Hoffmann-La Roche) for a minimum of 30 d. This treatment regimen has been demonstrated previously to produce a stable model of L-DOPA-induced complications (GomezRamirez et al., 2006) . The animals used in the current study were not drug naive and had been used in previous studies assessing the antidyskinetic potential of adjunct therapies. However, there were several weeks of washout between the end of the previous study and the start of the current one. In addition, before beginning the current study, a baseline parkinsonian score and response to L-DOPA were obtained; this baseline parkinsonian score and response to L-DOPA were reassessed at the completion of the study and had remained constant between the start and the end of the study (data not shown).
Administration of R-and S-MDMA, in combination with L-DOPA, to parkinsonian marmosets. On days of behavioral assessment, at 9:00 A.M., marmosets were administered L-DOPA/benserazide (15/3.75 mg/kg, s.c.; Sigma-Aldrich) in combination with either vehicle (NaCl, 0.9%) or R-or S-MDMA hydrochloride (equivalent to 1, 3, and 10 mg/kg free base, s.c.). The drug administration schedule was randomized according to a Latinsquare design, in which all animals were administered all treatments on different days. Immediately after administration of treatment, marmosets were placed individually into observation cages (0.8 ϫ 0.8 ϫ 0.7 m) containing food, water, and a wooden perch, and left undisturbed for the duration of the experiment. Behavior was recorded on DVD for 6 h and analyzed post hoc by a movement disorders neurologist blinded to the treatment given. A minimum of 48 h was left between each treatment in any animal.
Behavioral analysis. Methods for assessment of behavior were described previously in detail Gomez-Ramirez et al., 2006; Visanji et al., 2006; Fox et al., 2010) . Briefly, parkinsonian disability was rated for 5 min every 10 min using a parkinsonian disability scale combining measures of range of movement, bradykinesia, posture, and attention/alertness. Range of movement was rated on a zero to nine scale (0, running, jumping between roof, walls, perch, using limbs through a wide range of activity; 9, no movement). Bradykinesia was rated from zero to three (0, normal initiation and speed of movement; 3, prolonged freezing, akinesia, inability to move). Postural abnormalities were rated zero or one (0, normal balance, upright posture, head held up; 1, impaired balance, crouched posture, head down). Attention/alertness was rated zero or one (0, normal head checking movements, movement of neck in variable directions, smooth, small movements; 1, reduced or absent head checking, head in one position for Ͼ50% of observation period). For parkinsonian disability, the score given was the one most representative of each 5 min observation period. A global parkinsonian disability score was rated as a combination of the behaviors mentioned above, equally weighted, according to the following formula: (range of movement ϫ 1) ϩ (bradykinesia ϫ 3) ϩ (posture ϫ 9) ϩ (alertness ϫ 9). The maximal parkinsonian disability score per 5 min observation period was 36.
L-DOPA-induced dyskinesia and psychosis-like behaviors were also assessed. Dyskinesia were rated from zero to four (0, absent; 4, severe, continuous, replacing normal activity, present Ͼ70% of the observation period). Choreiform and dystonic dyskinesia were graded separately, and the dyskinesia score given reflected the most disabling dyskinesis observed, whether chorea or dystonia, in any 5 min period of assessment. Psychosis-like behaviors were rated in a similar manner to dyskinesia. The following behaviors were scored: hyperkinesia, response to nonapparent stimuli (hallucinatory behavior), repetitive grooming, and stereotypies. Each of these was rated from zero to four (0, absent; 1, mild, present Ͻ30% of time, and animal is still able to eat, drink, and perform normal activities; 2, moderate, present Ͼ30% of time, and animal is still able to eat, drink, and perform normal activities; 3, marked, present Ͻ30% of time, and animal is unable to eat, drink, and perform normal activities; 4, severe, present Ͼ30% of time, and animal is unable to eat, drink, and perform normal activities). For psychosis, the score attributed to each observation period was the most disabling of any of the four subscores observed in that 5 min period.
Parkinsonian disability, dyskinesia, and psychosis-like behavior scores were cumulated for each hour across the entire 6 h of observations and during the peak effect period (60 -150 min after L-DOPA administration). The duration of antiparkinsonian benefit, i.e., ON-time, was defined as the number of minutes for which bradykinesia was absent. ONtime was further divided as "good" or "bad" quality, depending on the severity of dyskinesia present. Thus, good-quality ON-time was defined as the number of minutes when bradykinesia was zero, and dyskinesia were either absent, mild, or moderate in intensity (scores of 0, 1, and 2), whereas bad-quality ON-time was defined as the number of minutes during which bradykinesia was zero, and dyskinesia were either marked or severe (scores of 3 and 4). Similarly, ON-time with psychosis-like behavior was defined as the number of minutes for which bradykinesia was absent and in which psychosis-like behavior was present. ON-time with nondisabling psychosis-like behavior was defined as the number of minutes during which bradykinesia was zero and psychosis-like behavior was either absent, mild, or moderate in intensity (scores of 0, 1, and 2), whereas ON-time with disabling psychosis-like behavior was defined as the number of minutes during which bradykinesia was zero and psychosis-like behavior was either marked or severe (scores of 3 and 4).
Statistical analysis. Categorical, discontinuous scores for parkinsonian disability, dyskinesia, and psychosis-like behavior severity were analyzed using nonparametric Friedman's followed by Dunn's multiple comparison post hoc tests. ON-time data were analyzed by one-way repeatedmeasures (RM) ANOVA followed by Tukey's multiple comparison post hoc tests. Time-course data for parkinsonian disability and dyskinesia scores were ranked by marmoset across each of the four treatments and analyzed by a two-way RM ANOVA followed by Bonferroni's multiple comparison tests. Statistical significance was assigned when p Ͻ 0.05. Analyses were performed using GraphPad Prism 5.03.
Results
Pharmacological profile of R-and S-MDMA R-MDMA exhibited moderate affinity for 5-HT 2A receptors (K i ϭ 4.7 Ϯ 1.1 M) and lower affinity for SERT (K i ϭ 24.5 Ϯ 0.8 M). R-MDMA exhibited no appreciable affinity for either 5-HT 1A receptors, NET, or DAT (K i Ͼ 50 M) ( Table 2 ). In contrast, S-MDMA exhibited no affinity at 5-HT 1A and 5-HT 2A receptors (K i Ͼ 50 M), but high affinity for SERT (K i ϭ 222 Ϯ 62 nM) and moderate affinity at both DAT and NET (K i ϭ 2.3 Ϯ 0.4 M and 7.8 Ϯ 2.1 M, respectively) ( Table 2) . R-MDMA decreases the severity of L-DOPA-induced dyskinesia without reducing the antiparkinsonian action of L-DOPA R-MDMA (3 and 10 mg/kg) significantly reduced the severity of dyskinesia in the first 2 h of the observation period when administered with L-DOPA (Fig. 2 A) . Thus, the severity of dyskinesia was reduced by 33 and 46%, respectively, during the first hour, when 3 and 10 mg/kg R-MDMA was compared to L-DOPA alone (F time (5,90) (Fig. 3A) . At no time during the observation period did R-MDMA impair the antiparkinsonian efficacy of L-DOPA (Fig. 2C) . R-MDMA did not decrease the peak antiparkinsonian efficacy of L-DOPA (Fig.  4 A) . Additionally, R-MDMA did not alter duration of the ON-time (Fig. 5A) . However, the duration of the ON-time with disabling dyskinesia was significantly reduced when R-MDMA (3 and 10 mg/kg) was compared to L-DOPA alone (by 69 and 65%, respectively; F (5,15) ϭ 8.061, p Ͻ 0.01, one-way RM ANOVA; both p Ͻ 0.01, Tukey's post hoc test). R-MDMA at 3 and 10 mg/kg also significantly increased the duration of the ON-time with nondisabling dyskinesia, by 152 and 147%, respectively (F (5,15) ϭ 6.773, p Ͻ 0.01, one-way RM ANOVA; both p Ͻ 0.01, Tukey's post hoc test), when compared to L-DOPA alone (Fig. 5C) . Duration of the ON-time without disabling dyskinesia was also significantly enhanced by R-MDMA at 1, 3 and 10 mg/kg (F (5,15) (Fig. 5D ). This extension of ON-time was not observed with higher doses of S-MDMA (3 and 10 mg/kg) with which duration of ON-time was significantly lower than in the 1 mg/kg treatment (by 21 and 30%, respectively; F (5,15) ϭ 11.86, p Ͻ 0.001, one-way RM ANOVA; .Eachtimepointrepresentsthecumulateddyskinesiascore forevery5minobservationperiodduringthepreceding60min.Themaximalpossiblescore(mostseveredisability)was24.Onthey-axis,6ismild, 12ismoderate,18ismarked,and24issevere.Thecrossesonthegraphindicatetimepointsforwhichthereissignificance.B,Timecourseofdyskinesia inmarmosetstreatedwithL-DOPAandS-MDMA(1,3,10mg/kg)orvehicle.S-MDMA(1mg/kg)significantlyincreasedtheseverityofdyskinesiafrom 300-360minwhencomparedtoL-DOPAvehicle( pϽ0.05).Theseverityofdyskinesiawasalsosignificantlyhigherwhen1mg/kgS-MDMAwas comparedto3and10mg/kgS-MDMA(bothpϽ0.05).Eachtimepointrepresentsthecumulateddyskinesiascoreforevery5minobservationperiod duringthepreceding60min.Themaximalpossiblescore(mostseveredisability)was24.Onthey-axis,6ismild,12ismoderate,18ismarked,and24 issevere.Thecrossonthegraphindicatesatimepointforwhichthereissignificance.C,Timecourseofparkinsonisminmarmosetstreatedwith L-DOPA and R-MDMA (1, 3, 10 mg/kg) or vehicle. R-MDMA had no effect on the antiparkinsonian action of L-DOPA ( p Ͼ 0.05). Each time point represents the cumulated parkinsonism score for every 5 min observation period during the preceding 60 min. The maximal possible score (most severe disability) was 216. On the y-axis, 54 is mild, 108 is moderate, 162 is marked, and 216 is severe. D, Time course of parkinsonism in marmosets treated with L-DOPA and S-MDMA (1, 3, 10 mg/kg) or vehicle. Each time point represents the cumulated parkinsonismscoreforevery5minobservationperiodduringthepreceding60min.Themaximalpossiblescore(mostseveredisability)was 216.Onthey-axis,54ismild,108ismoderate,162ismarked,and216issevere.*pϽ0.05whencomparedtoL-DOPAvehicle;**pϽ0.01 when compared to L-DOPA vehicle; ***p Ͻ 0.001 when compared to L-DOPA vehicle; p Ͻ 0.01 between 1 and 3 mg/kg S-MDMA; p Ͻ 0.001 between 1 and 10 mg/kg S-MDMA, Tukey's post hoc test). However, in addition to extending duration of antiparkinsonian actions of L-DOPA, S-MDMA also increased the severity of dyskinesia (Fig. 2 B) . Thus, the severity of dyskinesia was significantly higher in the last hour of assessment, 300 -360 min after L-DOPA administration when 1 mg/kg S-MDMA was combined with L-DOPA, compared to L-DOPA alone (F time (5,120) ϭ 0.00, p Ͼ 0.05; F treatment (3,120) ϭ 9.035, p Ͻ 0.0001; F interaction (15,120) ϭ 0.7313, p Ͼ 0.05, two-way ANOVA; p Ͻ 0.05, Bonferroni's post hoc test) as well as compared to 3 and 10 mg/kg S-MDMA (both p Ͻ 0.05, Bonferroni's post hoc test). Higher doses of S-MDMA (3 and 10 mg/kg) did not increase the severity of end of dose dyskinesia (Fig. 2 B) . The severity of peak-dose dyskinesia was not increased by any dose of S-MDMA (Fig. 3B) . S-MDMA did not significantly alter the duration of ON-time with disabling dyskinesia (Fig. 5E ).
Effects of R-and S-MDMA on L-DOPA-induced psychosis-like behavior
As displayed in Figure 6 , R-MDMA exerted a beneficial effect on L-DOPA-induced psychosis-like behavior. Thus, R-MDMA (3 and 10 mg/kg) significantly reduced duration of ON-time with disabling psychosis-like behavior when compared to the L-DOPA and vehicle treatments (by 59 and 45%, respectively; F (5,15) ϭ 5.465, p Ͻ 0.01, one-way RM ANOVA; p Ͻ 0.01 for 3 mg/kg R-MDMA, p Ͻ 0.05 for 10 mg/kg R-MDMA, Tukey's post hoc test) (Fig. 6 B) . When compared to the vehicle treatment, R-MDMA (3 mg/kg) increased duration of ON-time with nondisabling psychosis-like behavior (by 109%; F (5,15) ϭ 5.580, p Ͻ 0.01, one-way RM ANOVA; p Ͻ 0.01, Tukey's post hoc test) (Fig.  6C) and of ON-time without psychosis-like behavior (by 184%; F (5,15) ϭ 3.617, p Ͻ 0.05, one-way RM ANOVA; p Ͻ 0.05, Tukey's post hoc test) (Fig. 6 D) . R-MDMA (3 and 10 mg/kg) also significantly increased duration of ON-time without disabling psychosislike behavior when compared to L-DOPA alone (by 133 and 79%, respectively; F (5,15) ϭ 8.174, p Ͻ 0.01, one-way RM ANOVA; p Ͻ 0.001 for 3 mg/kg R-MDMA; p Ͻ 0.05 for 10 mg/kg R-MDMA, Tukey's post hoc test) (Fig. 6 E) . Despite a trend, R-MDMA did not reduce the severity of peak-dose psychosis-like behavior (FS ϭ 6.828; p ϭ 0.0628) (Fig. 6 F) .
As displayed in Figure 6G -L, S-MDMA had no effect on duration of ON-time with psychosis-like behavior, disabling or not, or on severity of peak psychosis-like behavior when compared to L-DOPA alone. However, ON-time without psychosis-like behavior was significantly longer in the 1 mg/kg treatment than in the 10 mg/kg treatment (F (5,15) ϭ 3.394, p Ͻ 0.05, one-way RM ANOVA; p Ͻ 0.05, Tukey's post hoc test).
Discussion
A novel synthesis of MDMA enantiomers allowed us to confirm that they exhibit different pharmacological profiles and demonstrate that they produce qualitatively different behavioral effects when administered in combination with L-DOPA to the MPTPlesioned marmoset. R-MDMA, a relatively selective compound for 5-HT 2A receptors, decreased severity of peak-dose dyskinesia and increased duration of good ON-time; S-MDMA, a compound exhibiting high affinity for SERT and moderate affinity for DAT, extended total duration of ON-time but exacerbated dyskinesia. These results demonstrate that reducing 5-HT 2A receptormediated transmission is likely the primary mechanism by which racemic MDMA reduces dyskinesia, and identify dual SERT Ͼ DAT inhibitors as promising agents to increase ON-time duration.
Technical considerations: R-and S-MDMA binding profile
The affinity of R-MDMA for 5-HT 2A receptors, 4.7 M, is in accordance with previous studies (Lyon et al., 1986; . These two studies also demonstrated that MDMA and its enantiomers bind to 5-HT 1A receptors; however, they used [ 3 H]-5-HT as the radioligand and unlabeled 5-HT as the displacer, making the assays nonspecific. Very few studies addressed the affinity of MDMA enantiomers for the monoamine transporters and, to our knowledge, our study is the first to assess the affinity of R-and S-MDMA at a range of monoamine transporters using the modern, well-characterized, and highly selective radioli- ]-nisoxetine. Although there are some minor discrepancies in absolute affinities reported, the relative affinities of the compounds for any given receptor and transporter are in agreement with the literature (Lyon et al., 1986; Battaglia et al., 1988; Verrico et al., 2007) . On the y-axis, 9 is mild, 18 is moderate, 27 is marked, and 36 is severe. al., 2006; Vanover et al., 2008) . However, the molecules assessed in these studies are not entirely selective for 5-HT 2A receptors and, if antagonizing 5-HT 2A receptors is believed to represent their primary antidyskinetic mechanism, other mechanisms may also contribute. The mechanisms underlying such antidyskinetic effects remain unclear. However, 5-HT 2A receptor levels are increased in the striatum and motor cortex of dyskinetic MPTPlesioned macaques (Huot et al., 2010a) , suggesting that enhanced 5-HT 2A -mediated corticostriatal neurotransmission underlies the dyskinetic state. Thus, stimulation of presynaptic 5-HT 2A receptors increases glutamate release (Aghajanian and Marek, 1997) , and stimulation of postsynaptic 5-HT 2A receptors increases NMDAmediated depolarization (Rahman and Neuman, 1993) , so enhanced stimulation of corticostriatal 5-HT 2A receptors would increase excitation along this pathway. According to the classic model of the basal ganglia (Parent et al., 2000) , enhanced excitation along the corticostriatal pathway results in greater excitation of the striatofugal neurons targeting the output structures of the basal ganglia, resulting in dyskinesia. By antagonizing 5-HT 2A receptors, R-MDMA would prevent this increase in corticostriatal glutamatergic neurotransmission. Such a modulation of corticostriatal glutamatergic transmission by the selective 5-HT 2A antagonist volinanserin (M100,907) was demonstrated in the MPTP-lesioned mouse (Ferguson et al., 2010) .
5-HT 2A receptors and dyskinesia
Another mechanism by which 5-HT 2A antagonists alleviate L-DOPA-induced dyskinesia severity might be via an interaction with dopaminergic D 1 receptors, which are thought to play a central role in the pathophysiology of dyskinesia (Jenner, 2008) . Indeed, in the 6-OHDA-lesioned rat, M100,907 effectively reduced hyperlocomotion (Bishop et al., 2005) and controlateral rotations 3, 4, 958) .
However, R-MDMA is not a 5-HT 2A antagonist, but a 5-HT 2A partial agonist that elicits 10% of 5-HT-elicited response (Nash et al., 1994) . Dopamine is also a partial agonist at 5-HT 2A receptors, at which it elicits 60% of 5-HT-elicited response (Bhattacharyya et al., 2006) . Thus, although R-MDMA elicits a weak response at 5-HT 2A receptors, it acts as an antagonist when compared to dopamine, as it dampens dopamine-induced activation of 5-HT 2A receptors.
Our results do not support a 5-HT 1A -mediated mechanism of action for MDMA antidyskinetic efficacy . Direct actions are unlikely, since neither of the two enantiomers exhibit affinity for 5-HT 1A receptors. Second, an indirect 5-HT 1A -mediated mechanism would be mediated by S-MDMA, which inhibits 5-HT reuptake; in the current study, S-MDMA exacerbated dyskinesia severity.
Serotonergic and dopaminergic transporters inhibition and ON-time extension
Monoamine reuptake inhibitors represent promising compounds in PD treatment. Thus, the selective DAT inhibitor GBR 12909 improved parkinsonism as monotherapy in the MPTPlesioned marmoset (Hansard et al., 2002) . In small clinical studies, the dual DAT/NET inhibitor nomifensine improved parkinsonism as monotherapy (Park et al., 1981) , whereas the triple monoamine reuptake blocker tesofensine was not effective (Hauser et al., 2007) . In another clinical study, nomifensine, in combination with L-DOPA, produced mild antiparkinsonian benefit but worsened dyskinesia (Park et al., 1977) , whereas it failed to show any benefit in another trial (Bedard et al., 1977) . These studies suggest that although DAT inhibition might provide some antiparkinsonian benefit, the relative activity of compounds across the three transporters is probably critical for modulating L-DOPA actions.
Unlike GBR 12909, tesofensine, and nomifensine, S-MDMA preferentially inhibits SERT and DAT (SERT/DAT ratio of 10/1). Such a monoamine reuptake inhibition profile might be more suitable to extend ON-time duration. However, although S-MDMA did not increase the severity of peak-dose dyskinesia, it increased the duration of ON-time with dyskinesia, somewhat offsetting the benefits of ON-time extension. Nonetheless, benefits of reduction of OFF-time have been appreciated in the clinic, even if the supplementary ON-time is associated with dyskinesia (Rinne et al., 1998; Parkinson Study Group, 2005) .
The relative contribution of SERT and DAT inhibition to ONtime extension achieved with S-MDMA is unclear. Although DAT inhibition is an appealing mechanism, MPTP administration to marmosets leads to Ͼ90% reduction in striatal dopamine uptake (Jenner et al., 1984) , making a striatal site of action unlikely. More likely, though hypothetically, would be an action where dopamine terminals are relatively intact, for instance, frontal cortex, where enhancing dopaminergic function might enhance motor function. Such cortical effects on DAT may synergize with a striatal effect on SERT. Striatal serotonergic terminals are likely to participate in the reuptake of dopamine synthesized from L-DOPA (Berger, 1978; Berger and Glowinski, 1978) . Thus, SERT inhibitors could prolong dopamine actions, accounting for the extension of ON-time obtained with S-MDMA. However, this in itself is insufficient as selective SERT inhibitors do not produce similar effects (Hansard et al., 2002) .
S-MDMA action on SERT likely accounts for the fact that ON-time extension was compromised by dyskinesia. Conversion of L-DOPA into dopamine in raphestriatal terminals is thought to be an important determinant in dyskinesia pathophysiology (Carta et al., 2007) . Thus, inhibiting SERT would exacerbate nonphysiological dopaminergic transmission, as striatal serotonergic terminals participate in the reuptake of dopamine. Furthermore, although speculative, inhibiting SERT would also result in less 5-HT being reuptaken into the presynaptic cleft, allowing for more dopamine to be packed into vesicles, which would exacerbate nonphysiologic dopamine release. However, a study performed in the 6-OHDA-lesioned rat demonstrated that chronic treatment with the SERT inhibitor citalopram reduces dyskinesia severity after 2 months of daily administration (Kuan et al., 2008) . It remains to be established whether chronic daily treatment with a dual SERT Ͼ DAT inhibitor would also reduce dyskinesia severity.
The extension of ON-time obtained with S-MDMA 1 mg/kg was not maintained at higher doses. This phenomenon might be (1, 3, or 10 mg/kg) or vehicle. S-MDMA had no effect on the duration of ON-time without disabling psychosis-like behavior ( p Ͼ 0.05). L, Peak-dose psychosis-like behavior (60 -150 min after L-DOPA administration) in marmosets treated with L-DOPA and S-MDMA (1, 3, or 10 mg/kg) or vehicle. S-MDMA did not significantly alter the severity of peak-dose dyskinesia ( p Ͼ 0.05). Data are presented as the meanϮSEMON-timeduration(A-E,G-K ).F,L,Barsrepresentthemedianscoreforpsychosis-likebehavior,andthedotsrepresenttheindividualscoreofeachanimal;themaximalpossiblescore(mostsevere disability) was 36. For graphs F and L, on the y-axis, 9 is mild, 18 is moderate, 27 is marked, and 36 is severe. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.001. explained by neurotransmitter depletion at higher doses of S-MDMA. Indeed, after its binding with monoamine transporters, MDMA inhibits monoamine uptake and reverses transport direction, promoting neurotransmitter release (Fleckenstein et al., 2007) and depleting presynaptic vesicles (Mlinar and Corradetti, 2003) . It is thus possible that higher doses of S-MDMA led to an early exhaustion of presynaptic neurotransmitters, explaining their failure to extend ON-time.
MDMA enantiomers and dopaminergic psychosis-like behaviors R-MDMA exerted a favorable effect on L-DOPA-induced psychosis-like behavior. These results support the potential efficacy of 5-HT 2A antagonists against PD dopaminergic psychosis demonstrated previously with ACP-103 (Meltzer et al., 2010) . The data are also in accordance with two recent anatomical studies which found increased 5-HT 2A receptor levels in the temporal cortex of PD patients with visual hallucinations (Ballanger et al., 2010; Huot et al., 2010b) .
The findings of the present study demonstrate that dual SERT Ͼ DAT inhibitors do not worsen the severity of dopaminergic psychosis-like behavior in the parkinsonian marmoset. This is important to know from a drug-development perspective, as enhancing dopaminergic transmission carries the risk of triggering psychiatric features (Merims and Giladi, 2008) .
Concluding remarks
Racemic MDMA possesses unique activity since it alleviates L-DOPA-induced dyskinesia and, in an anecdotal case report, extended L-DOPA antiparkinsonian benefits. The data presented here expand our understanding of the mechanisms of MDMA actions in parkinsonism. Thus, MDMA antidyskinetic action likely comes from R-MDMA partial agonist activity at 5-HT 2A receptors, whereas S-MDMA SERT Ͼ DAT inhibitory activity probably accounts for the ability of MDMA to extend L-DOPA antiparkinsonian action. Unfortunately, MDMA and its enantiomers are not good candidates for clinical development for PD because of psychoactivity (Shulgin and Nichols, 1978) and potential for neurotoxicity (O'Hearn et al., 1988) . However, studies such as ours help to refine the understanding of interactions between the serotonergic and dopaminergic systems in PD, and might define pharmacological profiles of novel molecules that could represent leads for drug discovery programs.
